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SUMMARY 

Etched metallic conductor lines on metal clad polymeric substrates are used 
for electronic component Interconnections. Significant signal losses are 
observed for microstrip conductor lines used for Interconnecting high frequency 
(above 20 GHz) devices. At these frequencies, the electronic signal travels 
closer to the metal-polymer Interface due to the skin effect. Copper- teflon 
Interfaces were characterized by SEM and AES to determine the Interfaclal prop- 
erties. Data relating roughness of the copper film to signal losses was com- 
pared to theory. Films used to enhance adhesion were also found, to a lesser 
extent, to contribute to these losses. 


INTRODUCT ION 

Metal clad polymeric substrates have provided a suitable media for the 
printing of conductor lines used to Interconnect electronic devices and compo- 
nents for several decades (ref. 1). The use of these substrates Is being fur- 
ther extended for the Interconnection of high frequency/high speed devices by 
designing the conductor lines as microstrip transmission lines (refs. 2 and 3). 
At high frequencies, the electrical signal propagates closer to the metal- 
polymer Interface due to the skin effect. For example, at 10 GHz, the skin 
depth (6) for copper Is 6600 A whereas at 1 GHz the skin depth Is In excess of 
2 vm. Contributing to the signal power losses are conductor loss, dielectric 
loss and radiation. Theoretical calculations by Morgan (ref. 4) have shown 
that the conductor surface roughness Increases the conductor loss contribution 
to the total signal loss at higher frequencies. The Increase approaches 100 
percent as the value of the root mean square (rms) roughness (R a ) becomes 
twice that of the skin depth at the frequency of Interest. 

Several Investigators have experimentally determined the effect of rough- 
ness on ceramic substrates for values of R a /6 < 1 (refs. 5 and 6). The 
copper-polymer Interface provides data In the saturated region of Morgan's 
curve where R a /6 » 1. This effect In metal clad polymeric substrates at 
higher frequencies had not been experimentally evaluated. 

This paper presents such an experimental Investigation Into the effect of 
asperities at the metal-polymer Interface on high frequency signal power loss. 
Commercially available copper-clad teflon substrates were used. The results 
are compared with theory. 


EXPERIMENTAL PROCEDURES 


Copper clad teflon substrates were etched In a ferric chloride solution to 
obtain a teflon surface for analysis. The copper conductor surface was 
obtained by heating the substrates at 200 °C for 4 hr and then peeling back the 
copper for various measurements. 

The copper and teflon samples were analyzed by SEM at 1000 and 3000 magni- 
fication. The copper surface was analyzed by AES to determine the composition 
and thickness of films used for adhesion. The AES sputter depth profiling was 
done with 3 KeV Ar Ions at 25 mA current. 

To obtain quantitative measurements of roughness, a Sloan prof 1 lometer, 
model 0EK1AK 1 1 - A , was used. Root mean square (rms) roughness (R a ), and 
maxlumum roughness (Rj) were obtained. 

The attenuation constant (ay) of the microstrip transmission line Is 
related to the Q of the line as below: 

8.686* dB 

“T — T n) 

where "Q 0 " Is the unloaded Quality factor and X Is the wavelength (ref. 3). 

To determine the effect of surface finish on total loss, linear open circuit 
x/2 microstrip resonators were fabricated on 10 mil thick electrodeposlted and 
electroless copper-clad teflon substrates. The nominal Impedance of all lines 
was 50 ohms. For frequencies below 20 GHz, a conventional coaxlal-to- 
mlcrostrlp transition was used to feed the R.F. signal to the resonator via a 
symmetrical M mil gap. Measurements from 28 to 34 GHz were performed using 
a novel waveguide- to-mlcrostrlp transition In line with the resonator via a 
similar gap (fig. 1). Both techniques utilized HP network analyzers to provide 
the swept measurements. The raw data yields the loaded quality factor, Ql, 
as shown In fig. 2. Q 0 Is then derived from the measured reflection coef- 
ficient at resonance and a Smith Chart Impedance plot (ref. 7). 


RESULTS AND DISCUSSION 

In figure 3, the SEM micrographs of the copper conductor surfaces for sam- 
ples A and B and the corresponding etched teflon surfaces are shown. Two dif- 
ferent morphologies for the copper conductor surfaces were observed. In fig. 3 
(top) the nodules are smaller than In fig. 3 (bottom). The teflon surfaces 
are an exact replica of the conductor surfaces and show no voids. In fig. 4, 
the SEM micrographs of the copper conductor surface and the corresponding 
teflon surface are shown. The copper surface Is smooth when compared to the 
surfaces of samples A and B. 

For samples A, B, and C, the average root mean square surface roughness 
values were 0.452, 0.770, and 0.270 ym, respectively. These values varied 
within 0.1 ym from area to area on the sample. The adhesion strength of sam- 
ples A and B Is close to 15 lb/in; For sample C It Is approximately 4 lb/in 
(ref. 9). 
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Figure 5 shows the Auger depth profile of the copper surface of Sample A, 
having a thickness of approximately 360 A. The thickness value, based on sput- 
ter time, was deduced from the predetermined sputter rate. In figure 6, the 
profile data of sample C shows that no adhesion metals are present at the 
Interface. 

High resistivity Intermediate films typically Introduce negligible loss 
even at high frequencies If their thickness does not exceed £0.4 6, for which 
the Increase In loss should not be more than 2 or 3 percent (ref. 6). 

The relative attenuation Is obtained from a comparison of the theoretical 
(smooth Interface) quality factor, Qj, to the experimental Q 0 values from 
the microstrip resonators. Qj values were obtained using equation (1) where 
ay Is actually: 


ay = a c + a<j * a r (2) 

The conductor loss (a c ) was calculated using Pucel's (ref. 9) formulation, 
and the dielectric loss (a<j) was obtained from Edwards (ref. 3). Although 
It Is known that the dielectric loss tangent Increases slightly with frequency, 
an accurate description of Its behavior was unavailable. Hence, the loss tan- 
gent was assumed constant and the manufacturer's reported value at 10 GHz was 
used. The effect on Q 0 /Qy Is minimal. The resonators were enclosed In 
waveguide- type structures below cutoff, hence the radiation loss (a r ) was 
s?0. The ratio of experimental attenuation to theoretical attenuation versus 
the root mean square surface roughness Is plotted In fig. 7 for microstrip 
resonators at several frequencies. The experimental data was further compared 
with a curve fit formula obtained by Hammerstad and Bekkadal (ref. 10). Their 
formula, based on Morgan's theory, Is given below: 


Relative attenuation = 1 + - arctan 



(3) 


The skin depth, 6, at a particular frequency (f) Is equal to [irfyo]"^ 
where y Is the permeability and a Is the conductivity of the metal film. 


The results show a reasonable correlation of the experimental data to the 
theory for the lower frequencies where R a Is <0.5 ym. The higher frequency 
points, however, all fall below the predicted values. Especially noteworthy 
are the high frequency data at R a £ 0.77 ym which show the relative atten- 
uation significantly below the curve postulated by Morgan. This discrepancy 
may be due to the differences In the effective path length between the assumed 
geometry of the theory and the real structures of the cones observed In SEM 
pictures. The net effect results from the fact that as the frequency 
Increases, the skin depth decreases, and the apparent roughness and effective 
path length In terms of wavelength also Increase. See figures 3 and 4. 


CONCLUSIONS 

The characteristics of the metal polymer Interface can affect the electri- 
cal performance of high frequency Interconnections. In essence, the results 
show that It Is desirable to keep R a less than 0.25 ym so that the percent- 
age Increase In loss Is kept below 10 percent for frequencies up to 30 GHz. 
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The Influence of conductor surface roughness on high frequency power loss In 
microstrip transmission lines can be predicted once the root mean square 
roughness Is known. The experiments have shown that Morgan's theory, which was 
developed for Idealized suface morphologies, overestimates the Increased loss 
by s20 percent as R a /6 becomes »1 . An accurate effect, therefore can 
only be obtained by considering the total surface topography. Reduced rough- 
ness can effect the adhesion at the metal polymer Interface and the conse- 
quences must be carefully evaluated prior to any application. 
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Figure 2. - Frequency response obtained tor microstrip resonator designed 
at f * 16 GHz. The method to ootain loaded quality facior is also shown. 
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Copper surface 3000X Etched PTFE -alass 300CX composite surface 



Copper surface 3000X Etched PTFE -glass 3000X composite surface 


Figure 3. - Scanning Electron Micrographs (3000X1 for samples A (top) and B ibottoml. 
Both samples show non uniform nodular morphology. 



Copper surface 3000X PTFE surface 3000X 

Figure 4. - Scanning Electron Micrograph 1 100CX, 300CX) showing copper and etched 
teflon surface for sample C. The copper conductor surface is relatively smooth. 
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Figure 5. - Sputter depth profile of copper surface sample A. 
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